Interest in phylogeny reconstruction has increased so rapidly during the past decade that now roughly 4,000 articles that include a phylogenetic tree are published each year (Pagel, 1999) . With the increasing numbers of simultaneously analyzed taxa (Chase et al., 1993; Källersjö et al., 1998; Savolainen et al., 2000a Savolainen et al., , 2000b Soltis et al., 1999 Soltis et al., , 2000 , accuracy of such large molecular trees has been questioned (Graybeal, 1998; Hillis et al., 1996; Hillis, 1998) , and one of the key problems has been to discriminate between phylogenetic signal and "noise." Because constraints acting on DNA can strongly bias the assessment of homology (viz. homoplasy due to convergence and parallelism preserving function and structure of proteins), characterization of these evolutionary forces may shed light on the robustness of phylogenetic inference (Naylor et al., 1995; Brown, 1997, 1998) .
Because hundreds of organelles are present in each cell, thereby making haploid organellar DNA easier to amplify and sequence than single-copy nuclear (diploid) genes, most phylogenetic trees have been based on these data: Mitochondrial DNA is generally used to infer mammalian phylogenies , including hominids (Kings et al., 1997; Ovchinnikov et al., 2000) , whereas plant studies are mostly performed using plastid DNA (e.g., Chase et al., 1993; Källersjö et al., 1998; Savolainen et al., 2000a Savolainen et al., , 2000b ; but many studies at lower levels are also based on nuclear ITS sequences, as reviewed in . Using sequences of the entire coding mitochondrial genome in a wide range of animals, Naylor and Brown (1998) suggested that recognizing misleading signals required integrating knowledge of structure and function of encoded products. This is important since functional requirements (e.g., chemical properties, charge, and hydrophobicity) in the animal mitochondrial genome seriously compromised estimation of relationships, with incorrect trees sometimes receiving high bootstrap percentages Brown, 1997, 1998) .
To determine whether these issues were a concern in studies of seed plant relationships, we investigated the substitution properties of plastid rbcL and atpB sequences. This was done assuming a phylogenetic tree previously reconstructed for concatenated plastid (rbcL and atpB) and nuclear 18S rDNA sequences , which has led to better resolution and higher internal support than analyses based on single genes (Chase and Cox, 1998; Soltis et al., 1997 . We have looked for an association of functional constraints and phylogenetic informativeness in plastid DNA by calculating the retention index (RI, formally "ri" in Farris, 1989) of each site according to codon position, amino acid, chemical properties, charge, and hydrophobicity (atpB and rbcL were optimized on the combined three-gene tree published by Soltis et al., 1999 and Soltis et al., 2000 ; sites were classi ed according to coded amino acids). We have also compared the RI for rbcL, atpB, and 18S rDNA; they exhibited 1072, 1018, and 857 variable sites, respectively.
If the consistency index (CI) is the simplest measure of the amount of homoplasy, the RI relates to the pattern of homoplasy (Farris, 1989) . The CI was rst introduced by Kluge and Farris (1969) as a measure of t of a character to a tree. For any character, CI is de ned as CI D m=s where m is the minimum amount of change the character may show on any tree, and s denotes the observed quantity of change (steps) in the cladogram (perfect t CI D 1). However, "it might be desirable to use a measure that reaches zero when a character ts the tree as poorly as possible" (Farris, 1989, p. 418) ; the CI does not have this property, being no less than m=g where g is the greatest number of steps that the character may require on any tree. Therefore, Farris (1989) de ned the RI as, for any character, RI D (g ¡ s)/(g ¡ m). RI measures how many times a character changes over Table 2 and in Figure 5 of Naylor and Brown (1998, p. 68) : analysis of variance indicated that all factors in animal mitochondrial genes had highly signi cant effects on RI; P D 0:0005 in each case. a tree versus how many times it would have changed on an unresolved bush; it is a measure of phylogenetic signal, and we expect low RIs for variable sites constrained by function.
567-T AXON PLANT PHYLOGENETIC ANALYSIS
In contrast to mitochondrial genes for which all comparisons were highly signicant (RIs varied relative to functional constraints, P < 0:0005; Naylor et al., 1995; Brown, 1997, 1998) , we found phylogenetic information in plastid DNA in seed plants to be evenly distributed among sites (see Fig. 1 ). RIs were not signi cantly different for genes, charge, or hydrophobicity. Differences were detected for codon positions, chemical properties, and amino acids. However, in the case of chemical properties, statistical signi cance was due to sites coding for aromatic and sulphur-containing amino acids, which had higher RIs (when these sites VOL. 51 were excluded from the analysis, KruskalWallis H D 8:739, P D 0:1200; e.g., see Zar, 1999 , for statistical tests); for amino acids, signi cance was due to the sites coding for tryptophan, which tted the tree perfectly (with tryptophan excluded from the analysis, Kruskal-Wallis H D 26:168, P D 0:096, Fig. 1 ). These latter sites represent, however, a minority of all characters involved in each category (aromatic, 9%; sulphur, 3.7%; tryptophan, 8 .3%); the high RIs that caused the rejection of the null hypothesis may be due to the small number of characters present in these categories. The general trend is for no signi cant differences.
Unlike animal mitochondrial DNA, phylogenetic informativeness in seed plant plastid DNA appears evenly dispersed across functional categories of sites. This would imply that protein-coding regions of plastid genomes do not suffer from the same differential constraints seen in the mitochondrial genomes of animals. If this is truly the case, then plastid sequences are less likely to be plagued by problems of among-site and among-lineage rate heterogeneity, which has often compromised the accuracy of phylogenetic inference in animals Brown, 1997, 1998) . The alpha shape parameter for the gamma distribution (Yang, 1996) is slightly higher in the plastid genes (atpB C rbcL for the plant tree) compared to the animal tree: 0.5824 versus 0.4586. To explain the differences we propose several explanations: (1) the rate of evolution in plastid genomes might be so slow that it has not proceeded to the point at which constraints cause signal saturation. We found that the average pair-wise divergence for the plant data set is roughly 1/7 (0:0639 § 0:0140 versus 0:4313 § 0:0983; maximum divergence within plants is 0.1873; see Table 1 ) that of the animal data set of Brown (1997, 1998) ; thus, the animal mitochondrial genome indeed evolves much faster than plastid DNA, and this might, in theory, result in higher levels of homoplasy that would be detected as "noise" in phylogenetic studies. However, low average pair-wise distances could result from either low rates of change and/or a relatively younger age of divergence. The animals examined by Naylor and Brown are early Paleozoic in age (Benton, 1993; Naylor and Brown, 1998) , and, despite the fact that the plant tree also included all major lineages of seed plants (except cycads), many angiosperms were much younger. Seed plants are mid-Paleozoic , whereas angiosperms are mid-Mesozoic (Wikström et al., 2001 ); a fairer comparison might be to use mammals since they are of similar age to the angiosperms, predating the K/T boundary around 100 million years ago . We have repeated all analyses but looking at an association between functional characteristics and phylogenetic signal (RI) in 13 mammal mitochondrial genes from the rat, mouse, cow, opossum, and two species of whales (viz. all mammals in Naylor and Brown's data set, 1998; accounting for ca. 1/3 of the total tree length). For all categories except for hydrophobicity, RIs were signi cantly different among sites, thereby showing that phylogenetic signal was also compromised by functional constraints in mammal mitochondrial DNA (Table 2) . However, note that despite the fact that they are of similar ages, average pair-wise divergence in mammal mitochondrial sequences is higher than plastid rbcL and atpB sequences (0:2580 § 0:0600 versus 0:0639 § 0:0140; Table 1 ) consistent with the suggestion that the former genome evolves faster (Palmer and Delwiche, 1998) .
COMPARING SIMILAR TAXON S AMPLING
Two other hypotheses may explain the differences between Brown's results (1997, 1998) and ours (this paper, Fig. 1 ): (2) the sampling in the three-gene plant analysis was more thorough than was that of animals investigated by Naylor and Brown, which made historical signal easier to detect in plant studies; (3) different clades of plants have different constraints that, when pooled and averaged over the entire data set, make them appear homogeneous. Taxon density is known to affect both tree building and site informativeness (Graybeal, 1998; Hillis et al., 1996; Hillis, 1996 Hillis, , 1998 , and Naylor and Brown's results could have been biased by limited sampling of highly divergent taxa. In an effort to parallel the taxon density and divergences explored in Naylor and Brown's study, we sampled 19 taxa for the plant phylogeny (i.e., the same number of taxa in the animal tree) from divergent clades. We randomly chose these 19 taxa in 100 replicates (using a program written for this purpose, RandomTaxa, available at http://www.tcd.ie/Botany/NS/software. html). For the 19-taxon plant data subsets, S YSTEMATIC BIOLOGY VOL. 51 we computed the RI for codon positions and amino acids (triplets), both types of sites reecting most of the evolutionary constraints that might have affected the plastid genes in question. We have also evaluated whether constraints in plastid DNA, if any, might have been lineage-speci c but masked by our sampling of taxa. To do this we examined subsets of 19 taxa that formed monophyletic (or at least paraphyletic) groups; 20 subsets met these criteria (Appendix 1). We compared the results from these groups with those for similar sized groups in which taxa were randomly chosen. In addition to RI, we also recorded the CI for each of these sites in these two resampling procedures.
Kruskal-Wallis tests were performed in each case, and all P-values are listed in Appendix 2; for clarity, Table 3 presents the signi cant sets of P-values. RIs for codon positions were signi cantly different in approximately 20% of the comparisons, both when 19 taxa were chosen randomly and from closely related lineages. All comparisons for CI/codon positions were signi cant with randomly chosen subsets, whereas only 40% were sigini cant when taxa formed mono-or paraphyletic groups: as expected, the latter simply indicates that homoplasy is higher in comparisons of distantly related taxa (parallelism and convergence are more likely to occur), especially at third codon positions due to degeneracy of the genetic code. Regarding the triplets coding for amino acids, only a few of the subsets exhibited signi cantly different RIs (·15%), and this was three times more frequent in lineage-speci c comparisons (15% versus 5% for P < 0:05). CIs were similar in random and lineage-speci c comparisons with approximately 30% of the comparisons signi cant. We also compared the proportion of invariant sites and the alpha shape parameters of the gamma distribution between the random and the lineagespeci c subsets. They were signi cantly different: the proportion of invariant sites was lower in distantly related taxa (0:4663 § 0:0357 versus 0:5353 § 0:0536, t-test P < 0:0010), whereas rate heterogeneity among sites was lower within closely related taxa (® 0.8544 § 0.1489 versus 0:7738 § 0:0952, t-test P D 0:0296). Therefore, although we cannot exclude some type of differential lineage-speci c constraints (especially in amino acids in which more replicates exhibited signi cant differences in mono/ paraphyletic subsets; Table 3 ), it is unlikely that the homogeneity seen in the complete plant data set is due to either averaged differences among various subsets (Table 3 and Appendix 2) or improved hierarchical structure only. It is noteworthy that if the minimum pair-wise divergence of the random plant subsets was approximately twice that of the entire plant data set, its maximum was only 1/3 the average divergence observed for the animal data set (Table 1) . Therefore, the lower sequence divergence in atpB and rbcL sequences (hypothesis 1) is likely to be important in explaining different observations on the substitution properties of plastid and animal mitochondrial sequences (Fig. 1) .
TAXON S AMPLING AND CODON POSITION INFORMATIVENESS
We further examined informativeness of codon positions, an issue receiving by far the most attention in a priori weighting schemes: third positions are usually down weighted (or eliminated altogether by translation to amino acid sequences) because of their expected high level of homoplasy (e.g., Allard and Carpenter, 1996; Waddell et al., 1999) . Using simulations of mitochondrial coding genomes (total 12,234 base pairs), we increased the number of taxa in the animal tree from 19 to 600 (see Fig. 2 ). We used a HKY85 C 0 model of DNA evolution that accounts for different base frequencies, transition/transversion bias, and rate heterogeneity among sites (Hasegawa et al., 1985; Yang, 1996) . Sequences were simulated using Seq-Gen (Rambault and Grassly, 1997; available at http://evolve.zoo. ox.ac.uk/software/Seq-Gen/Seq-Gen.html). In the growing tree, each new taxon was joined at the midpoint of the longest branches, but the length of these new branches was set such that the total tree length did not change (Graybeal, 1998) ; this was performed using the program BranchCut (available at http://www.tcd.ie/ Botany/NS/software.html). For comparison, we randomly decreased the number of plant taxa from 567 to 20 using the tree from Soltis et al. (2000; Fig. 2 ). Plastid third-codon positions always exhibited the greatest informativeness (Fig. 2, see also Chase et al., 1995; Källersjö et al., 1998; Olmstead et al., 1998) , whereas in the animal mitochondrial genome these positions performed most poorly Brown, 1997, 1998) . The rate of change of the third codon position in the plastid genome (data set from Soltis et al., 2000) is roughly equivalent to that of the rst codon positions in animal mitochondrial DNA (Naylor and Brown, 1998) . The common view that saturation, and consequently lack of phylogenetic utility of third codon positions is a source of confusion because this does not hold for plastid DNA under these circumstances.
CONCLUSIONS
In plants, phylogenetic analyses of large DNA data sets have been shown to be more tractable than would have been predicted (Hillis, 1996 (Hillis, , 1998 Källersjö et al., 1998; Savolainen et al., 2000a Savolainen et al., , 2000b Soltis et al., , 1999 Soltis et al., , 2000 . Molecular phylogenetic studies in angiosperms involving multiple genes are among the largest ever conducted, and they have produced highly congruent results (Hoot et al., 1999; Qiu et al., 1999 Qiu et al., , 2000 Savolainen et al., 2000a Savolainen et al., , 2000b Soltis et al., 1999 Soltis et al., , 2000 . Large phylogenetic analyses of plastid genes have also been conducted involving all vascular plants (Pryer et al., 2001) and green plants (Källersjö et al., 1998; Karol et al., 2001) .
One suggestion for the reasons behind this success has been that by adding numerous taxa, "noise" has been dispersed, leading to more accurate reconstruction (Hillis, 1996 (Hillis, , 1998 Purvis and Quicke, 1997) . However, true "noise" (randomness) cannot be dispersed simply by adding taxa. This is only expected if sampling helps to emphasize the underlying hierarchical nature of a phylogeny. This may not be the case, either because the underlying phylogeny is not bifurcating or because some lineages in the phylogenetic analysis are poorly sampled. Here, we report another reason why building plant phylogenies with some plastid genes has turned out to a more straightforward task: low substitution rates and spatial substitution patterns not limited by detectable functional constraints have lead to high signal content.
If correct, this means that botanists have made enormous strides in inferring seed plant phylogeny from atpB and rbcL sequences due simply to the substitution properties of these genes. Unfortunately, our ndings do not mean that all plastid sequences will necessarily share these properties in seed plants. Further, at deeper levels, atpB and rbcL sequences may also show evidence of lineage-speci c constraints, as might be expected given the observations reported for other plastid genes in anciently diverged taxa (Lockhart et al., 1999 (Lockhart et al., , 2000 . The evolution of rbcL for example is clearly under structural and functional constraint (Kellogg and Juliano, 1997) and at deeper levels it may well be important to determine whether differential structural constraints are likely to in uence phylogeny reconstruction. Some speci c questions, such as the rooting of angiosperms or deep branching pattern in embryophytes, may particularly bene t from examining in more detail homoplasy in various categories of sites (Qiu et al., 2000; Barkman et al., 2000; Sanderson et al., 2000; Zanis et al., 2002) .
By contrast, systematic zoology will greatly bene t from an increased understanding of the pattern exhibited by the rapidly evolving mitochondrial genome and potentially strong functional constraints inherent in this small genome (Brown et al., 1979; Brown, 1983 Brown, , 1985 Brown, 1997, 1998 
